An operational forecasting system for nearshore waves and wave-induced currents is presented. The forecasting system (FS) has been built to provide real time information about nearshore conditions for beach safety purposes. The system has been built in a modular way with four different autonomous submodels providing, twice a day, a 36-hour wave and current forecast, with a temporal resolution of 1 hour. Making use of a mild slope parabolic model, the system propagates hourly deep water wave spectra to the shore. The resulting radiation stresses are introduced in a depth-integrated Navier-Stokes model to derive the resulting current fields. The system has been implemented in a beach located in the northeastern part of Mallorca Island (western Mediterranean), characterized by its high touristic pressure during summer season. The FS has been running for 3 years and is a valuable tool for local authorities for beach safety management.
INTRODUCTION
Coastal areas are among the most complex and variable marine systems because their dynamics are subjected to the effects derived from a complex geometry, where the bathymetry plays a crucial role in wave propagation. Moreover, the wide range of processes affecting coastal hydromorphodynamics such as waves, currents, and tides, among others, interact at different spatial and temporal scales, making these zones highly variable environments.
Despite the socioeconomical relevance of coastal areas, modeling, observation, and continuous monitoring of coastal variability is to date scarce because of the intrinsic complexity of these systems. Besides the morphological importance of coastal areas, they are a major recreational resource around the world, and human activities have been constantly growing in the last three decades. Coastal management has increasingly relied on the scientific results obtained from different research fields that have been transferred to new engineering methodologies and applications to environmental systems in search of new, more integrated, and sustainable solutions to coastal problems. Although beach erosion and coastal evolution are, in a global change context, top scientific issues, accurate information, in an operational sense, of short term variability is still required by governments and end users.
Continuous observation of coastal variability is expensive DOI: 10.2112 /08-1133 .1 received 19 September 2008 accepted in revision 29 January 2009. and sometimes impossible to obtain. Comprehensive information in coastal areas is nowadays required to establish efficient coastal zone monitoring as well as to develop management policies to effectively study these marine systems (Smit et al., 2007) . The scarcity, and in most cases the lack, of information becomes a problem when scientists need to assess the current state (diagnostic) of specific coastal systems as well as to build predictive models (prognostic) of their evolution. The spatial and temporal evolution of different physical systems can be expressed in terms of differential equations. However, the numerical resolution of the aforementioned equations needs data to establish the systems' initial conditions. Moreover, because of their nonlinear nature, continuous data update is required to correct the deviations of the numerical predictions from the real state. Experiments to provide a complete overview of nearshore dynamics have been shown to be the most useful tool to improve the understanding of short term variations of coastal dynamics (Herbers et al., 2003; Reiners et al., 2004) . Unfortunately maintaining such experiments, which is required in any operational activity, is logistically and economically difficult. Only recently, with the development of new observing technologies, has it been possible to provide observations in a continuous way of some aspects of nearshore variability on all relevant time scales . Besides, as a result of the increasing capacity of computers nowadays, only a short computational time is required to solve complex numerical models. This has made possible the development of operational systems for deep water wave conditions and cur- rents, which are presently available (Bidlot et al., 2002; Hodur, 1997) . However, because waves are the driving mechanism for littoral dynamics, not only is accurate deep water wave characterization crucial but water wave propagation from deep to shallow water also needs to be solved in an efficient way. Because water waves propagate from the region where they were generated to the coast, both wave amplitude and wavelength are modified because of refraction (e.g., changes in the bathymetry or interactions with wind induced currents), diffraction (e.g., intense variations of the bottom), and energy changes due to shoaling, damping, and finally wave breaking (Liu and Losada, 2002) . The surf zone is a highly dynamic area where wave energy is partially dissipated through turbulence and transformed in short and long waves, mean sea level variations, and currents. Therefore energy dissipated in the surf zone is used for sediment transport, providing a highly variable morphological environment (Dean and Dalrymple, 2002) . Breaking waves generate narrow currents sometimes directed seaward through the surf zone because of an excess of momentum flux (Bowen, 1969) . These ''rip'' currents are identified as being responsible of more than 100 deaths annually in the United States (see for instance NOAA, 2008) . Nowadays several model packages are commercially available to study the hydrodynamic and morphodynamic processes in coastal areas, e.g., DELF3D, SMS, or MIKE21. The application of new insights in nearshore hydrodynamics for public safety issues is nowadays becoming more frequent. Recently, Conley et al. (2008) presented a rapid environmental assessment providing hydrodynamic information in real time; Rusu, Conley, and Ferreira-Coelho (2008) and Allard et al. (2008) presented new nearshore forecasting systems. This information can be used by coastal managers.
In this article a new operational forecasting system (FS) developed to provide short term prediction of waves and currents is presented. The FS has been implemented in an intermediate barred beach in the western Mediterranean Sea (Figure 1a ). This coastal area is well exposed to severe storms events mainly during late fall and winter, and is characterized by a strong occupancy during the summer season. Waves and currents are predicted twice a day with a 36-hour horizon. Atmospheric predictions are obtained automatically from the Spanish Meteorological Institute (INM) based on the forecasts produced with the High Resolution Limited Area Model (HIRLAM) model. The Spanish Harbour Authority (Puertos del Estado) force the Wave Model (WAM) Cycle4, with hourly wind fields. Deep water hourly spectra for the next 36 hours are propagated to the beach using a mild slope parabolic model (GIOC, 2003a; Gonzá lez et al., 2007) . This model includes the effects of refraction and diffraction, as well as the shoaling and dissipation due to bottom friction and breaking (Kirby, 1986) . The wind wave fields obtained from the parabolic model are finally introduced as the forcing terms in a two-dimensional depth-integrated Navier-Stokes model. The model is solved over the detailed beach topography, computing the radiation stress terms and deriving the currents induced by wave breaking and the possible oblique wave incidence (GIOC, 2003b; Gonzá lez et al., 2007) . Following this methodology a wave and current forecast for the next 36 hours is generated and provided to users via the Internet. This procedure is repeated twice a day.
STUDY AREA
The aforementioned FS has been implemented in Cala Millor, located in the northeast coast of Mallorca Island ( Figure  1b ). The beach is in an open bay with an area of about 14 km 2 , extending to depths up to 20-25 m. From the coastline to the 8-m water depth contour, the bathymetry presents a regular slope indented with near shore sandbars that migrate from offshore to onshore during periods of mild wave conditions (Figure 1c ). At depths from 8 to 35 m the seabed is covered by a Posidonia oceanica meadow, an endemic sea grass species of the Mediterranean Sea (Infantes et al., 2009) . Cala Millor is a tourist resort with a population of 6072 permanent inhabitants. However, during the summer this number can increase up to 17,046 inhabitants. The tourist occupancy is between 74.6% and 91.3% of the hotel beds during summer season. This means that during the summer season the Cala Millor real population achieves the value of 20,263 inhabitants, three times more people than during the rest of the year. Daily mean number of beach users fluctuates from 6400 to 6800; at the end of the tourist season, these rates mean that at least 500,000 individuals have engaged in recreational activities at Cala Millor beach.
The tidal regime is microtidal with a spring range less than 0.25 m (Gomez-Pujol et al., 2007) . According to the criteria of Wright and Short (1984) , Cala Millor is an intermediate barred sandy beach formed by biogenic sediments with median grain values ranging between 0.28 and 0.38 mm at the beach front.
Wave Climate
Wave climate characterization has been performed using Hindcast of Dynamic Processes of the Ocean and Coastal Areas of Europe (HIPOCAS) data, consisting of hourly wave data from a 44-year wave hindcast (Soares et al., 2002) . Hindcast models have become a powerful tool, not only for engineering or prediction scales but for climate purposes involving large temporal periods (Cañ ellas et al., 2007) . For the study area, the virtual wave gauge is located 10 km offshore, at a water depth of 50 m (triangle in Figure 1b) . The significant wave heights' long term probability distribution function (log normal), derived from the statistical analysis of the hindcasts data, shows that the significant wave heights (H s ) exceed 1 m 50% of time. Moreover, the analyzed data show that the typical peak period (T p ) in the study area is characterized by a value between 3 and 6 seconds. The annual and summer wave conditions are shown in Figure 2 . The most energetic waves are usually from the north and northeast, which are the most common directions, with wave heights between 1-4 m.
DATA AND METHODOLOGY

Forecasting System
The FS has been built in a modular way with four independent submodels (Figure 3 dictions are carried out operationally over the Mediterranean Sea by the Spanish Harbour Authority, and provide a 3-day forecast of wave height and wave direction. The deep water wave conditions at two different nodes located near the beach (39Њ40Ј N, 3Њ30Ј E; 39Њ35Ј N, 3Њ30Ј E) (see diamonds in Figure  1b ) are propagated to Cala Millor beach using a mild slope model. To correctly simulate the propagation of waves coming from different directions, we implemented two different meshes with a resolution of 15 m in the area.
The wave propagation model solves the parabolic form of the mild slope equation (Kirby and Dalrymple, 1983) ,
2 where D is the total derivative, is the velocity potential at the free surface, U is the current velocity, is the frequency, C is the wave celerity, c g is the group velocity, 2 the long wave velocity potential, ٌ is the nabla operator, k the wave number, A the wave amplitude, h the water depth, ␦ is a dissipation factor due to the bottom, and ␦ is part of the nonlinear term, expressed as:
The last term in Equation (1) accounts for the viscous effects due to the bottom. Wave breaking and bottom dissipation are parameterized using the breaking wave model bore, following Battjes and Janssen (1978) . The bottom friction is based on the Darcy-Weisbach turbulent friction coefficient (Dean and Dalrymple, 1984) .
The current model is based in the solution of the momentum and continuity averaged equations. The resulting radiation stresses obtained in the mild slope model are introduced into a depth-integrated Navier-Stokes movement equation, e.g., where U i is the horizontal velocity (u, v) in the x i direction (x, y), is the free surface elevation, H is the total water depth, c is the Chezy coefficient, represents the eddy viscosity, and S ij represents the radiation stress terms.
RESULTS AND DISCUSSION
Daily Forecasts
Twice a day, wave energy spectra predictions at the two aforementioned deep water nodes are received. Depending on the wave direction, the system selects the most suitable node to process its information to fulfil the parabolic approximation. Two different meshes have been predefined for the two different prediction points with the seaward boundary at the same location of the corresponding points.
The FS system has been operational since April 2005, providing 36-hour horizon day forecast of the wave height, direction, and surf zone currents to the Search and Rescue authorities who are responsible for beach safety. Maps with beach condition information (waves and currents) are updated automatically via internal file transfer protocol (ftp) and used to manage the risk at the beach. In addition, wave conditions are stored for statistical purposes.
The highly variable environment with sandbars moving continuously onshore (offshore), depending on mild (storm) conditions, force us to perform bathymetric surveys every 2 months on average. New bathymetries are used to generate the new numerical meshes where models are run. This is a crucial point because bathymetry has to be updated at least Figure 1c ) during the field experiment. Solid line corresponds to measurements and triangles to the hourly prediction provided by the FS. During the period marked in gray there were no available forecasting data because incoming waves were from the southwest. after every storm event to get the exact position of the sandbars and rip channels. Currently this is performed with a ship-mounted Biosonics DE-4000 echo sounder equipped with a 200-KHz transducer. The draught of the boat allows sampling to depths of about 0.5 m. Inshore-offshore and alongcoast echo sounding transects are sampled perpendicular to the bathymetric gradient with a separation of 50 m between transects. The acoustic pulse rate is set to 25 s
Ϫ1
, and the sampling speed was set to 3 knots, which allows for a horizontal resolution of 1 m. This procedure provides accurate bottom mapping but is very time consuming.
Validation
To test the performance of the FS, we carried out a field experiment from February 28 to March 8, 2006 . For this period, time series of wave height and wave period measured with a buoy located at 45 m depth (circle in Figure 1b) are compared with the time series of the predicted wave conditions (northern diamond in Figure 1b) provided by the Spanish Harbours Authority (Figure 4) . The correlation between predicted and measured data for the significant wave height during 2005-2007 is around 86% with a RMS of 0.37; for the mean period around 78% with a RMS of 1.32, and for the mean direction 91% with a RMS of 0.56.
During the experiment, an acoustic wave and current meter (AWAC), was moored at 10 m depth, approximately 700 m offshore (point A, Figure 1c ). This instrument provided the incident wave height, period, and direction during the first 20 minutes of each hour, at a sample rate of 1 Hz. Time series comparing measured significant wave height and that predicted by the system are shown in Figure 5 . As seen, on March 6th a storm over the area generated significant wave heights, up to 1.5 m and maximum peak periods of 10 seconds, which are reasonably well predicted by the system. During the period marked in gray there were no available forecasting data because the incoming waves were from the southwest. Although the predictions are well correlated with observations (78.4% of agreement), the observed discrepancies could be related with WAM period predictions, which do not correlate exactly with the buoy data during the first 5 days of March and with the fact that local winds (sea breezes) are not included in the system. Additionally, a current meter was moored at a water depth of 1.5 m to capture the mean velocities every minute. However, measured currents did not show any indication of seaward outgoing water. During the first 3 days of the experiment, the difference between the direction of measured currents and the predicted ones is less than 13%. Unfortunately during the storm event, the current meter was buried and therefore there are no current data available for this period.
To have an overall view of the current system in Cala Millor beach, the Spanish Air Force performed a photographic (Komar, 1998) . In the same picture the predicted currents of the same day over the whole study area are shown. Comparing the aerial photography with the forecasted current field indicates that the system is able to predict the outgoing flows. This visual estimation of a rip current is made by several lifeguard associations as well as by the National Oceanic and Atmospheric Administration (NOAA), whose Web site explains how to identify rip currents where ''a line of foam, seaweed, or debris moving steadily seaward.''
CONCLUSIONS
In this article we have presented an operational forecasting system for the prediction of waves and breaking currents in shallow waters. Nearshore waves are obtained by the propagation of deep water conditions to the area. Breaking currents are obtained after the inclusions of the radiation stresses in a depth-integrated Navier-Stokes model. The FS has been working for 3 years, providing the nearshore hydrodynamics in an autonomous and operational way. Some interruptions occurred during this period, mainly due to problems related with connections between the local server and the server located in the Spanish Harbours Authority. Information of wave height and wave induced currents in the beach are automatically generated by a Web server that can be checked by the lifeguards immediately using a pocket PC to improve beach safety.
Field experiments were carried out to test the forecasting capabilities of the system showing that predictions of wave height and direction are well correlated with observations. Directions of currents in the surf zone are also well predicted. Wave breaking currents were qualitatively validated using aerial photography because they were not measured during the field experiments.
Although the FS developed seems to be a useful tool to obtain estimations of the occurrence, location, and intensity of wave breaking currents, several improvements have to be implemented. First, because accurate bathymetry is continuously required, it is necessary to develop low cost techniques to obtain bathymetry. In this sense, matching video-based techniques with the presented approach have to be explored. The inclusion of local wind forcing, such as the sea breeze, would also improve the input wave conditions at the outer boundary of the beach. Future research also is directed to the inclusion of other physical mechanisms generating rip currents through Boussinesq-type models.
